Introduction
Patients affected by nocturnal frontal lobe epilepsy (NFLE), a focal epileptic syndrome, have seizures occurring almost exclusively during sleep.
1 NFLE is not a homogeneous disease as familial, idiopathic, sporadic, cryptogenetic or symptomatic forms exist. [1] [2] [3] [4] Although NFLE is a relatively benign clinical entity, about 30% of cases do not, or only partially respond to antiepileptic drugs. 1, 2 In drug-resistant patients, surgical treatment can provide excellent results. 5 However, in the majority of patients, intra-cerebral EEG investigations are mandatory as ictal events recorded by video-EEG, MRI and clinical aspects of the seizures are not sufficiently reliable in determining the site of the epileptogenic zone. In fact, NFLE seizures, especially those characterized by complex motor behaviors, often lack clear-cut clinical lateralizing signs. 2, 6 Moreover, when the epileptogenic zone involves the basal or mesial frontal cortex, ictal scalp EEG is frequently uninformative and does not provide clear lateralizing/localizing information. 1, 7, 8 For these reasons, in some patients, pre-surgical evaluation requires a bilateral intra-cerebral investigation. 5 Since the number of implantable electrodes is limited, the regions that are sampled in a single hemisphere need to be carefully selected. Thus, a noninvasive method based on EEG analysis that could help identifying the hemisphere of the epileptogenic zone would be extremely useful in the pre-surgical evaluation of these patients. Electrical source imaging is a family of inverse solution approaches aimed at estimating the intracranial electrical generators of the activity recorded from scalp EEG. 9 These methods solve the electromagnetic inverse problem (i.e. to find the intracranial electric sources, given a set of potential differences recorded at the level of the scalp) by applying method-specific assumptions of the characteristics of the sources. Distributed source estimation procedures are increasingly being recognized as Seizure 22 (2013) [719] [720] [721] [722] [723] [724] [725] a valuable technique to localize the epileptic focus in partial epilepsies. [10] [11] [12] However, in most of applications the localization is based on a visible ictal or inter-ictal anomaly at the level of scalp EEG recordings. In order to evaluate whether source localization provides clinically relevant information on the lateralization of the epileptogenic zone, we retrospectively analyzed the ictal scalp EEG of four NFLE patients recorded during pre-surgical video-EEG investigation. All patients underwent bilateral intra-cerebral stereo-EEG recordings and surgery -thus the location of the epileptogenic zone was known. The focus of our analysis was on delta (1-4 Hz) and sigma (12) (13) (14) (15) (16) Hz) activity as oscillations in these two bands are characteristic of non-REM sleep and seizures occur mainly in non-REM sleep.
Materials and methods

Study population
The study was performed retrospectively with data of four patients who underwent surgery at the ''C. Munari'' Epilepsy Surgery Center. Four cases were identified which met the following inclusion criteria: (1) nocturnal frontal lobe epilepsy, with more than 85% of the seizures occurring during sleep; (2) absence of visible lesions or abnormalities in the MRI; (3) sufficient number (>4) of seizures recorded during scalp EEG monitoring; (4) absence of clear localizing and/or lateralizing abnormalities in the ictal and inter-ictal scalp EEG; (5) stereotyped seizures; (6) stereo-EEG monitoring with at least five intra-cerebrally recorded seizures; (7) positive outcome of surgery: patients were seizure-free 12 months after surgery. The recordings were approved by the local ethics committee and conducted according to the declaration of Helsinki. Written informed consent was obtained from the patients.
Sleep electroencephalographic recordings
Data were collected during long-term monitoring conducted for pre-surgical evaluation. Polysomnographic recordings included 19 standard EEG electrodes (according to the International 10-20 system) referenced to the average of C3 and C4. In addition, bilateral electrooculogram, chin and limb electromyogram, electrocardiogram and audiovisual data were recorded (Neurofax EEG 1200, 192 channels, Nihon Kohden America Inc, Foothill Ranch, CA, USA; sampling rate of 500 Hz, highpass filter at 0.1 Hz).
Data analysis
Stereo-EEG investigations showed that the epileptogenic zone (corresponding to the seizures' onset zone) was localized in the cingulate region in all the subjects ( Table 1 ). The accuracy of the stereo-EEG data was confirmed by the surgical outcome (all patients were seizure free after surgery). In all patients the stereo-EEG revealed that the first clinical sign appeared three to five seconds after the onset of the epileptic discharge within the epileptogenic zone.
The analysis of the ictal scalp EEG recordings was performed by experimenters blind to the location of the epileptic zone. For each ictal episode we selected five seconds of scalp sleep EEG immediately preceding the appearance of the first clinical manifestation (Fig. 1) . Based on observations in stereo-EEG recordings, we assumed that in this epoch, defined as the ''ictal signal'', the epileptic discharge has already started in the epileptogenic zone. No arousal before the first clinical sign was observed and the patients' EEG was characteristic for non-REM sleep. As soon as the hyperkinetic activity started, it completely obscured the surface EEG, making meaningful data analysis impossible. Five seconds of data occurring at least 13 s before the clinical onset of the seizure were used as a baseline measurement (referred to as the ''preictal signal''). We assumed that during this preictal period, the ictal discharge has not yet started and therefore could serve as a baseline for comparison. The choice of the preictal 5 s signal was driven by the absence of artifacts, the proximity to the clinical onset (at most 30 s), and without regard for the presence of spindles and/or K-complexes. We also analyzed undisturbed sleep, i.e. non-REM sleep in epochs that were reasonably far from the ictal events, in order to compare the scalp distribution of delta and sigma activity in normal sleep and during ictal events.
Power maps
EEG data were re-referenced to the average of all channels, band-pass filtered between 1 and 26 Hz. Artifact rejection was performed based on visual inspection.
Power spectra of non-REM sleep, preictal and ictal signals were calculated for delta (1-4 Hz) and spindle frequency (sigma; 12-16 Hz) activity, using a fast Fourier transform routine (average of five 1-s epochs, Hanning window, frequency resolution 1 Hz; MATLAB, The Math Works Inc, Natick, MA, USA) on all channels, and displayed as two-dimensional maps (EEGLAB software 13 ). We focused on traditionally defined fast spindles since slow spindles are difficult to dissociate from alpha activity.
14,15
LORETA source estimation
In order to estimate the intracranial sources of EEG activity in the delta (1-4 Hz) and sigma (12-16 Hz) range, we used eLORETA. [16] [17] [18] eLORETA estimates a discrete, three-dimensional distributed, linear, weighted minimum norm inverse solution. The particular weights used in eLORETA endow a tomography with the property of exact localization of test point sources, yielding images of current density with exact localization, however, with low spatial resolution (i.e. neighboring neuronal sources will be highly correlated). 16 For each seizure and frequency band, five-second EEG epochs from the ictal and pre-ictal periods were selected for source localization. The resulting sources (squared magnitude of current density [mA 2 /mm 4 /Hz]) were averaged across events (ictal and pre-ictal, respectively). In each frequency band, average activity of the pre-ictal phase was subtracted from activity in the ictal phase and analyzed. The position of the maximum in the difference plots was determined in both hemispheres and the number of voxels exceeding the 97th percentile was calculated.
Results
Visual inspection and description of the ictal events
The number of ictal events per patient, recorded with scalp EEG, ranged from four to 25. Seizures occurred during non-REM sleep stage two or at the beginning of stage three. Visual inspection of traces was uninformative and no clear lateralized epileptic abnormalities were evident.
Spectral maps
The spatial distribution of non-REM sleep EEG delta power is illustrated in Fig. 2 . Maps of delta activity in non-REM sleep ( Fig. 2A, left column) showed a fronto-central predominance. Maps of the pre-ictal signal ( Fig. 2A, central column) were similar to those of undisturbed non-REM sleep. The ictal maps ( Fig. 2A , right column) were characterized by power maxima and minima that were much higher than those of undisturbed sleep and pre-ictal activity. Maps of sigma activity (Fig. 2B ) displayed a predominantly fronto-central distribution of power. The absolute maxima and minima were higher in the ictal maps (Fig. 2B, right column) compared to pre-ictal maps (Fig. 2B, central column) . However, the increase in sigma power during the ictal phase was much less pronounced than the increase in delta activity.
Power maps are reference dependent and the location of brain electrical generators cannot be derived from maps. Therefore, we estimated the underlying current density sources. Fig. 3 illustrates the sources of delta activity (difference between ictal and pre-ictal LORETA current source density). Coordinates of the maxima and the number of voxels with activity values above the 97th percentile of both hemispheres are reported in Table 2 . Delta activity had a predominant frontal localization. The maximum was found in the medial frontal gyrus (Pt1 and Pt2) or in the superior frontal gyrus (Pt3 and Pt4) of the right hemisphere in all patients, meaning that it was contralateral to the side of the epileptogenic zone in three patients (Pt2-4) and ipsilateral in one patient (Pt1). Consistent with the lateralization of the maxima, the number of voxels with activity values above the 97th percentile was larger in the right hemisphere of all patients.
Source localization
The differences between sigma activity sources are illustrated in Fig. 4 . The maxima (Table 2) were located in the frontal lobe in three patients (Pt1 and Pt3, superior frontal gyrus; Pt4, medial frontal gyrus) and in the parietal lobe of one patient (Pt2, postcentral gyrus). The lateralization of the maximum was ipsilateral to the side of the epileptogenic zone in all patients (right hemisphere in Pt1 and left in Pt2-4). In all patients, the number of voxels with activity exceeding the 97th percentile was also larger in the hemisphere ipsilateral to the epileptogenic zone (Table 2 ).
Discussion
The most important finding of our study is that sigma activity may have a predictive role in identifying lateralization of the epileptogenic zone in patients with nocturnal seizures originating from mesial frontal areas. Indeed, sigma activity showed an asymmetric distribution with increased activity in the hemisphere ipsilateral to the epileptogenic zone during the ictal phase compared to the pre-ictal phase. Topographical power maps in non-REM sleep revealed that the distribution of activity in the delta and sigma bands in our subjects resembles those of physiological sleep in healthy volunteers. 14, 19 Differences between subjects can be ascribed to physiological inter-individual variability. 20 This holds also for maps of the preictal phase. A few seconds before the beginning of the epileptic motor manifestations, when we assume that the epileptic discharge has already started in deep cortical structures as observed in stereo-EEG recordings, an enhancement of delta activity was found primarily in frontal areas. These findings are in accordance with previous observations showing that intracerebral recorded epileptic discharges, not visible on the scalp EEG, were accompanied by an increase in delta activity in brain regions not involved in the epileptic activity. 21 On the other hand, a similar phasic increase in K complexes and delta bursts preceding the onset of motor events during NREM sleep has been observed in different clinical conditions. [22] [23] [24] [25] [26] [27] [28] This transient increase in delta waves has been interpreted as a non-specific arousal in reaction to external or internal stimuli. 29 Our data are also in line with a previous study 21 which showed that epileptic discharges recorded with stereo-EEG, not visible in the scalp EEG were accompanied by an increase in delta activity in brain regions not involved in the epileptic activity. In the same study, it was observed that the sleep instability associated with a high CAP rate (a frequent alternation between the two phases of CAP; cyclic alternating pattern) disappeared along with seizures, after successful surgery, highlighting a strong connection between bursts of delta activity and epileptic discharges. However, in three of four patients, the observed increase in delta activity was less pronounced in the hemisphere where the seizure started. This observation could point to a reduced ability of the epileptic hemisphere to produce delta activity in response to an arousal stimulus. We speculate that during a low voltage fast activity discharge, the capacity of the frontal lobe to produce delta waves is diminished in the hemisphere in which the seizure originates. However, this finding has to be confirmed in a larger cohort of patients.
The most interesting result of our analysis is the asymmetry observed in sigma activity. Source localization demonstrated that /Hz]). Each row represents average data from one patient. Left to right: frontal and top view of the brain, axial, sagittal and coronal cuts. The position of the maximum is indicated in the panels on the right, using arrows at the border of the cuts. The color scale was chosen to highlight the largest differences. The coordinates in MNI (Montreal Neurological Institute) space 35 and the maximum value are given above the slices. The maximum of delta activity was found in the frontal lobe of all the subjects, consistent with power maps (Fig. 2A) . The maximum was contralateral to the side of the epileptogenic zone in patients 2, 3 and 4, while it was ipsilateral in patient 1.
the intra-cortical generators of spindle activity are more active on the side of the epileptogenic focus during the ictal phase than during the pre-ictal phase. It is important to notice that spindle generators during the ictal phase were located in similar locations as during undisturbed sleep and pre-ictal conditions in all four patients. Therefore, one might assume that this sleep spindle activity was physiological in nature. Steriade and colleagues 30 showed that slow oscillations and spindles can develop into paroxysmal activity. Picard and colleagues 31 described a longer duration of pre-ictal spindles occurring before a seizure in intracerebral data in two NFLE patients with similar characteristics to ours. They speculated that prolonged sleep spindles observed at the beginning of the seizures could be a reflection of a defect at the thalamic level, in which termination of sleep spindles is impaired. Our results suggest that the paroxysmal discharge might modify the spindles both in duration and amplitude, and that the increase in amplitude is more pronounced at the side of the epileptic focus. The limitations of the present work are the following: our observations derive from a small group of four patients with nocturnal fronto-mesial seizures and we are aware that similar epileptic complex motor manifestations, lacking in clear lateralizing scalp EEG and clinical signs, can also originate outside the frontal lobe. [32] [33] [34] Further studies are needed to verify if our findings are also valid for extra-frontal focal nocturnal seizures. Another limitation is the lack of simultaneous stereo-EEG and scalp EEG recordings. However, we consider our results as reliable because seizures were stereotypic, and because visual inspection of stereo-EEG recordings in the same patients revealed a discharge in the cingulate, although not visible in scalp EEG recordings. In conclusion, we were able to extract lateralizing information on the location of the epileptogenic zone. Due to the low number of subjects, our analysis is a pilot study. If our results are confirmed in a larger cohort of patients, sources localization may prove very useful for the presurgical evaluation of patients with mesial NFLE.
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